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Short dysfunctional telomeres are capable of
fusion, generating dicentric chromosomes and initi-
ating breakage-fusion-bridge cycles. Cells that
escape the ensuing cellular crisis exhibit large-scale
genomic rearrangements that drive clonal evolution
and malignant progression. We demonstrate that
there is an absolute requirement for fully functional
DNA ligase III (LIG3), but not ligase IV (LIG4), to
facilitate the escape from a telomere-driven crisis.
LIG3- and LIG4-dependent alternative (A) and clas-
sical (C) nonhomologous end-joining (NHEJ) path-
ways were capable of mediating the fusion of
short dysfunctional telomeres, both displaying
characteristic patterns of microhomology and dele-
tion. Cells that failed to escape crisis exhibited
increased proportions of C-NHEJ-mediated inter-
chromosomal fusions, whereas those that escaped
displayed increased proportions of intrachromoso-
mal fusions. We propose that the balance between
inter- and intrachromosomal telomere fusions dic-
tates the ability of human cells to escape crisis
and is influenced by the relative activities of A-
and C-NHEJ at short dysfunctional telomeres.INTRODUCTION
Telomeres are specialized nucleoprotein structures that cap the
ends of linear eukaryotic chromosomes and prevent the recogni-
tion of the chromosomal terminus by the DNA damage response
apparatus (de Lange, 2005). Ongoing cell division results in
gradual telomere erosion (Harley et al., 1990), and ultimately,
the loss of the end-capping function; in the context of a func-
tional DNA damage response, this leads to the induction of a
p53-dependent G1/S cell cycle arrest, known as replicative
senescence (d’Adda di Fagagna et al., 2003). This cell-intrinsic
limit on replicative lifespan provides a stringent tumor suppres-
sive mechanism. However, in the absence of a fully functionalCelDNA damage checkpoint response, cells containing short
dysfunctional telomeres enter a state of crisis during which telo-
meres undergo fusion with other telomeres or nontelomeric
double-stranded DNA breaks (DSBs), creating dicentric chro-
mosomes and initiating breakage-fusion-bridge cycles (Counter
et al., 1992; Murnane, 2012). This leads to the creation of
genomic rearrangements, including nonreciprocal transloca-
tions that are common in cells from many different tumor types
(Artandi et al., 2000; Shih et al., 2001). Therefore, crisis is a key
event driving genomic instability and clonal evolution during
the progression to malignancy; this is consistent with data ob-
tained from mouse models (Artandi et al., 2000) and observa-
tions of telomere dynamics and fusion in a broad range of human
tumor types (Lin et al., 2010; Meeker et al., 2004; Roger et al.,
2013).
Telomere fusion is an important and physiologically relevant,
mutational event; however, the molecular mechanisms that
result in the recombination of short dysfunctional human telo-
meres are not fully understood. Key to the function of mamma-
lian telomeres is the shelterin complex that plays a fundamental
role in protecting the natural chromosomal termini from aberrant
nonhomologous end joining (NHEJ; de Lange, 2005). The abro-
gation of TRF2, a core component of shelterin, confers a wide-
spread telomere fusion phenotype (van Steensel et al., 1998)
that depends on the activities of DNA ligase IV (LIG4), specifically
required for the classical NHEJ (C-NHEJ) pathway (Smogorzew-
ska et al., 2002). In contrast, fusion was readily detected in telo-
merase-deficient mice, with short dysfunctional telomeres,
despite the absence of core components of C-NHEJ pathway,
including DNA-PKcs, LIG4 or 53BP1 (Maser et al., 2007; Rai
et al., 2010). Thus, in the context of short dysfunctional telo-
meres, which is likely the most biologically relevant form of telo-
mere dysfunction, telomeres may no longer be fully recognized
by the shelterin complex and the processing of telomere fusion
may be mediated by alternative end-joining processes. This
view is consistent with the molecular analysis of telomere fusion
events directly from human cells undergoing a telomere-driven
crisis in culture, where fusion is accompanied by deletion into
the telomere-adjacent DNA and microhomology is observed
across the fusion points (Capper et al., 2007; Letsolo et al.,
2010). This characteristic profile is also observed at telomere
fusion junctions isolated from human malignancies, includingl Reports 8, 1063–1076, August 21, 2014 ª2014 The Authors 1063
early stage and premalignant lesions (Lin et al., 2010; Roger
et al., 2013), as well as in normal human cells, in which rare sto-
chastic telomeric deletion results in fusion (Capper et al., 2007;
Lin et al., 2010; Roger et al., 2013). The profile of mutation that
accompanies telomere fusion is indicative of the involvement
of error-prone, alternative-NHEJ (A-NHEJ) processes (Boulton
and Jackson, 1996; Feldmann et al., 2000). The concept that
A-NHEJ processes may play a role in mediating telomere fusion
is further supported by observations in mouse cells, where
following the removal of the TPP1-Pot1 proteins or the deletion
of both TRF1 and TRF2, telomere fusion is independent of
Ku70, ATM, LIG4, and 53BP1 (Rai et al., 2010; Sfeir and de
Lange, 2012). Furthermore, molecular analysis of fusion events
following replicative telomere erosion in human cells carrying
hypomorphic meiotic recombination 11 (MRE11) alleles revealed
a change in the mutational spectrum with an increase in inser-
tions at the fusion point (Tankimanova et al., 2012).
The existence of an A-NHEJ pathway in mammalian cells that
is mutagenic and uses microhomology is only apparent in the
absence the C-NHEJ components LIG4, XRCC4, and Ku70-
Ku80. In mouse models, A-NHEJ is required for the formation
of complex translocations and amplifications initiated by RAG-
induced DNA cleavage (Difilippantonio et al., 2002; Zhu et al.,
2002) or at induced site-specific breaks (Guirouilh-Barbat
et al., 2004), as well as class-switch recombination (Boboila
et al., 2010; Yan et al., 2007). Several proteins have been impli-
cated in A-NHEJ, including MRE11, which provides scaffold
functions and resection activity (the latter facilitated by the
CtIP-interacting protein), to expose potential microhomologies
(Zhang and Jasin, 2011). Components that play roles within
the base excision repair pathways have also been implicated
in A-NHEJ. These include poly [ADP-ribose] polymerase 1,
DNA ligase III (LIG3), and, to a lesser extent, DNA ligase I (Boboila
et al., 2012; Simsek et al., 2011a).
In this study, we examined the contributions of both the C-
NHEJ and A-NHEJ pathways in facilitating the fusion of short
dysfunctional telomeres in human cells following replicative
erosion. Our data are consistent with a role for both pathways
in mediating telomere fusion, but importantly they show that
the telomere fusion mediated by LIG3 allows cells to escape a
telomere-driven crisis. We propose that the balance between
intra- and interchromosomal telomere fusion dictates the ability
of cells to escape crisis and this may represent a key mechanism
driving clonal evolution.
RESULTS
To study telomere fusion in the absence of C-NHEJ and A-NHEJ,
we used HCT116 cell lines in which either one or both alleles of
the LIG4 (Khan et al., 2011; Oh et al., 2013) or LIG3 (Oh et al.,
2014) genes had been inactivated using rAAV-mediated gene
targeting. HCT116, a colorectal carcinoma cell line, is diploid
with a stable karyotype, and exhibits functional double-stranded
DNA (dsDNA) break repair and cell-cycle checkpoint control
(Hendrickson, 2008). LIG4/ HCT116 cells displayed extreme
sensitivity to DNA damaging agents, genomic instability, and
an increased use of microhomology during dsDNA repair (Oh
et al., 2013), indicating that these cells use A-NHEJ in the1064 Cell Reports 8, 1063–1076, August 21, 2014 ª2014 The Authorabsence of C-NHEJ. The LIG3 gene encodes two mRNA iso-
forms; nuclear and mitochondrial, the mitochondrial form of
which is essential and nonredundant (Simsek and Jasin, 2011).
We rescued the lethal phenotype of LIG3/ cells by comple-
mentation with themitochondrial isoform alone, allowing the cre-
ation of a viable cell line that lacked nuclear LIG3 (LIG3/:mL3;
Oh et al., 2014).
Escape from Crisis Is Accompanied by Telomere Fusion
and Genomic Rearrangements
To examine the fusion of short dysfunctional telomeres in the
absence of C- or A-NHEJ activities, we transfected wild-type
(WT), LIG3+/, LIG3/:mL3, and LIG4/ HCT116 cells with a
dominant-negative hTERT (DN-hTERT) construct, shown to
inhibit telomerase activity and induce telomere erosion (Hahn
et al., 1999). We subsequently picked single-cell clones and
analyzed telomerase activity, telomere dynamics, and fusion.
The expression of DN-hTERT effectively inhibited telomerase ac-
tivity (Figure 1A; Figure S1A). Telomere dynamics were moni-
tored using single telomere length analysis (STELA); the WT
HCT116 culture displayed a mean telomere length of 4.0 kb,
whereas LIG3- and LIG4-inactivated cells displayed telomere
lengths of approximately half that size (Figure S1B). Gradual telo-
mere erosionwas observed in theWTHCT116DN-hTERT at amean
rate of 45 bp/population doublings (PD; Figures 1B and S1C) that
was similar to that observed in telomerase-negative fibroblast
cultures (p = 0.42; Figure S1C; Baird et al., 2003); no erosion
could be detected in empty vector controls (data not shown).
Telomere erosion in the WT HCT116DN-hTERT clones continued
to a point at which the means of the telomere length distributions
were approximately 1.4 kb, with a lower limit of 300 bp; at this
point, telomere length stabilized despite ongoing cell division
(Figure 1B). Importantly, the telomere dynamics and the lower
limit of telomere erosion observed in the WT HCT116DN-hTERT
clones were indistinguishable from those observed in normal
human fibroblast cultures undergoing a telomere-driven crisis
following the expression of HPVE6E7 (Capper et al., 2007). Coin-
cident with the stabilization of telomere length (after 40–45 PD),
all 11 HCT116DN-hTERT clonal populations entered a transient
crisis-like state that was characterized by slowed cell growth
(Figures 1C and 2A) and the appearance of enlarged, vacuo-
lated, multinucleate cells (Figure S1D) and increased apoptosis
(Figure S1E). However, all of the HCT116DN-hTERT clonal popula-
tions eventually escaped crisis and continued to over 85 PD, at
which point the cultureswere intentionally terminated (Figure 2A).
Following the escape from crisis, telomerase activity was de-
tected and telomere elongation was observed (Figures 1A,
S1A, and S1F). Telomere fusion was analyzed using a single-
molecule PCR strategy targeted to multiple chromosome ends
(Letsolo et al., 2010). Telomere fusionwas not detected until telo-
mere length had reached the lower limit of erosion and the cells
had entered a period of crisis (e.g., PD45; Figure 1D). Following
the escape from crisis, telomere fusion was no longer detected
(e.g., PD64; Figure 1D) and was consistent with telomerase-
mediated telomere lengthening in these postcrisis cultures, sta-
bilizing telomeres and preventing further fusion (Figure S1F).
Telomere fusion during crisis creates dicentric chromosomes
that can initiate breakage-fusion-bridge cycles, driving genomics
Figure 1. Telomere Erosion, Fusion, and the
Induction of and Escape from Crisis in
HCT116 Cells
(A) Telomerase activity plotted as total product
generated (TPG; mean ± SD).
(B) STELA of the 17p telomere. The PD from the
point of single cell cloning is show above, the
mean and SD of the telomere length profiles are
show below, together with the rate of erosion prior
to crisis. Dotted red line indicates the lower limit of
telomere erosion.
(C) Growth curve plotting PD from the point of
single cloning and days in cultures. PD points
analyzed with STELA and for fusions are indicated
and the period of crisis is shown in red. The sam-
pling points for aCGH are shown.
(D) Single-molecule telomere fusion analysis, us-
ing oligonucleotide PCR primers targeted to XpYp,
17p, and the 21q family of related telomeres (Let-
solo et al., 2010) at the PD points as indicated.
(E) aCGH on samples taken before and after crisis.
The data are plotted as a Log2 ratio, whereas
amplification of the hTERT locus is indicated in
red. The data shown are all derived from the same
HCT116 DN-hTERT clone.
See also Figure S1.instability and clonal evolution. We therefore looked for changes
to the genomes of the clones as consequence of the escape
from crisis, and to do this we compared the genomes from the
same clone before and after crisis with array-CGH (Figure 1C).
The escape from crisis was characterized by the appearance
of large-scale clonal genomic rearrangements, which in some
clones included amplification of the hTERT locus in the terminal
regions of chromosome 5p (Figures 1E and S1G). These data are
consistent with gradual telomere erosion as a consequence of
telomerase inhibition with the DN-hTERT construct in the WT
HCT116 cells, resulting in the induction of a telomere-driven
crisis, telomere fusion, genomic instability, and the clonal selec-
tion for cells that have either lost the DN-hTERT construct orCell Reports 8, 1063–1076,amplified the hTERT locus. We therefore
consider that this system represents a
good biological model for a telomere-
induced crisis.
Escape from Crisis Requires LIG3
Clonal populations of LIG4/, LIG3+/,
and LIG3/:mL3 HCT116 cells expressing
DN-hTERT showed similar levels of telo-
merase inhibition to that observed in
HCT116 WT cells (p = 0.29 ANOVA; Fig-
ure S1A), they exhibited telomere erosion
at rates indistinguishable from HCT116
WT or telomerase-negative fibroblast
strains (Figure S1C) and all entered a
crisis-like state at between 12 and 40
PD similar to that observed in HCT116
WT cells (Figures 2B–2D, 3A, 3B, S3A,
and S3B); no such crisis state wasobserved in empty vector controls (Figures S2A and S2B).
Consistent with previous observations (Hahn et al., 1999), the
number of PDs obtained at the point of crisis correlated with
the initial telomere length of the parental cultures; those with
longer telomeres underwent more PDs prior to crisis (p = 0.03,
Figure S3C). Telomere erosion in the LIG4/, LIG3+/, and
LIG3/:mL3 deficient cells proceeded to a minimum telomere
length (300 bp), similar to that observed inWT HCT116DN-hTERT
(Figures 3C and 3D). A total of 13 LIG4
/
clones were picked and
11 (85%) escaped crisis (Figure 2B and 2H), and of the 14
LIG3+/clones picked, seven escaped crisis (50%; Figures 2C
and 2H). The escape from crisis was associated with an increase
in mean telomere length (Figures 3C and S3D) and wasAugust 21, 2014 ª2014 The Authors 1065
Figure 2. LIG3 Is Required for Cells to Escape a Telomere-Driven Crisis
(A–G) Cell growth curves of multiple, independent single-cell clonal populations. Population doublings are shown from the point of single cell cloning. The period
of crisis is indicated on each plot and clones that did not escape crisis are highlighted in red.
(H) Summarizing the total number of PD achieved. Each symbol represents a single clone. Clones were stopped in culture once they had achieved greater than
85 PD.
See also Figure S2.accompanied by genomic rearrangements detected with array
comparative genomic hybridization (aCGH; Figures 3G and
S3E). Surviving clones continued in culture for over 85 PD at
which point the cultures were terminated (Figure 2H).
In stark contrast to the LIG4/ or the LIG3+/ clones, none of
the LIG3/:mL3 clones escaped crisis (n = 11), despite being
kept in culture for up to 120 days, after which there were no cells
remaining (Figure 2D). Telomere length remained constant dur-
ing the crisis period, but the number of detectable telomeres
decreased in the later stages of culture (Figure 3D). Telomere
fusion was not detected in the LIG3- or LIG4-inactivated cells
prior to the onset of crisis, indicating that these components
do not directly modulate telomere stability. Telomere fusion
was readily detected during crisis, irrespective of the presence
or absence of LIG3 or LIG4, but was not detectable in cells
that had escaped (Figures 3E and 3F). From the point of single1066 Cell Reports 8, 1063–1076, August 21, 2014 ª2014 The Authorcell cloning to the first cell count at PD 22 (mean), the rate of
cell growth of the LIG3/:mL3 HCT116 cells (1.7 PD/day) was
indistinguishable from that of the HCT116 WT DN-hTERT cells
(1.8 PD/day, p = 0.11). These cells therefore do not appear to
be adversely affected by the DN-hTERT during the first 22 PDs
of growth and thus the inability of these cells to escape a telo-
mere-driven crisis is unlikely to be just a consequence of the ad-
ditive effect of the DN-hTERT, together with a DNA repair defect.
Taken together, these data are consistent with a role for LIG3,
but not LIG4, in mediating the escape from crisis.
To further characterize the role of LIG3 in the escape from
crisis, we complemented LIG3/:mL3 cells with a cDNA encod-
ing a nuclear-targeted WT LIG3 (Oh et al., 2014). DN-hTERT was
expressed in these cells and this led to telomerase inhibition and
gradual telomere erosion (Figures S1A, S1C, and 4A). At approx-
imately PD 19, all of these clones (n = 15) entered a period ofs
Figure 3. Telomere Fusions at the Point of Crisis Are Detected in Both LIG3/:mL3 and LIG4/ Cells
(A and B) Growth curves of single clonal populations of LIG4/ or LIG3/:mL3 cells, depicting the point of crisis and analysis points.
(C and D) 17p STELA of the same clonal populations. Dotted red line indicates the lower limit of telomere erosion.
(E and F) Fusion analysis using the XpYp, 17p, and 21q family telomere primers (Letsolo et al., 2010), products were detected with a 17p telomere-adjacent
hybridization probe.
(G) aCGH of DNA from the LIG4/ clone before and after crisis as indicated in (A).
See also Figure S3.
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Figure 4. Telomere Erosion, Fusion, and the
Induction of and Escape from Crisis in
LIG3/:mL3 Complemented with Nuclear
LIG3
(A) Cell growth curves of two single cell clonal
populations, plotting PD from the point of single
cloning. PD points analyzed with STELA and for
fusions are indicated and the period of crisis is
shown in red. The PD from the point of single cell
cloning is shown above, the mean and SD of the
telomere length profiles are shown below.
(B) Telomere fusion analysis at the PD points as
indicated.
(C) aCGH on DNA samples taken from LIG3/:mL3
complemented with nuclear LIG3 cells before and
after crisis.
See also Figure S4.crisis with slowed cell growth, increased apoptosis, and telo-
mere fusions (Figures 2E, S4A, and 4B); these phenotypes
were not observed in controls (Figure S2C). However, in total
contrast to the LIG3/:mL3 cells, all the LIG3-complemented
clones readily escaped crisis, continuing to over 85 PD (Figures
2E and 2H); the escape from crisis took longer, but we attributed
this to the dual puromycin and hygromycin selection, which1068 Cell Reports 8, 1063–1076, August 21, 2014 ª2014 The Authorsresulted in a slower rate of growth (p <
0.0001, F-test; Figures S2B and S2C).
The escape from crisis was accompanied
by an increase in telomere length, and the
cessation of telomere fusions and the
occurrence of genomic rearrangements
(Figures 4A–4C, S4B, and S4C). We de-
tected amplification of the hTERT locus
in three of 10 clones analyzed with
aCGH (4WT, 4 LIG4/, and 2 LIG3/:mL3
nuclear LIG3 complemented cells); we
therefore consider that amplification of
this locus provides a mechanism for
the upregulation of telomerase and the
escape from crisis. Consistent with this
hypothesis is the observation that the
amplification of this region is detected in
30% tumors of the lung, cervix, and breast
(Zhang et al., 2000).
LIG3 Is Required for the Escape
from Crisis in Other Cell Types
We tested the cell specificity of these
observations in HCT116 cells by under-
taking similar experiments in the breast
cancer cell line MCF7. We used an
shRNA against LIG3 (provided by K. Cal-
decott) that resulted in a >90% reduction
in LIG3 expression (Figure S5A); knock-
down of LIG3 did not affect the rate of
cell growth (Figure S5B). The expression
of DN-hTERT in MCF7 cells resulted in
telomere erosion, telomere fusion, andthe induction of a crisis state (Figures 5A and 5B), from which
all clones (n = 13) without the LIG3 shRNA readily escaped (Fig-
ure 5C). No crisis was observed in empty vectors control cul-
tures (Figures S5C and S5D). Clones coexpressing the LIG3
shRNA and DN-hTERT also entered a crisis state that was
accompanied by telomere erosion and fusion (Figures 5A and
5B), resulting in loss of viability, such that only seven LIG3
Figure 5. LIG3 Is Required for the Escape from Crisis in MCF7 Cells
(A) STELA of the 17p telomere. Two clones that escaped crisis are shown; the mean and SD of the telomere length profiles are detailed below.
(B) Telomere fusion analysis at the PD points as indicated, showing control cells, cells in crisis, and those that escaped. Neo refers to the empty vector control for
the shLIG3 and puro refers to the empty vector control for the DN-hTERT.
(C and D) Cell growth curves of multiple independent single cell clonal populations. PDs are shown from the point of single cell cloning. Clones that did not escape
crisis are highlighted in red.
See also Figure S5.shRNA clones could be isolated. After 120 days in culture, three
clones emerged from crisis (Figure 5D); all of these clones had
reestablished LIG3 expression (Figure S5A); these clones also
showed telomere elongation and the cessation of telomere
fusion (Figures 5A and 5B). These data further confirm the
role of LIG3 in the escape from a telomere-driven crisis and
demonstrate the reproducibility of our observations in cell types
other than HCT116.
Escape from Crisis Depends on the LIG3 BRCT Domain
LIG3 is stabilized by its interactionwith XRCC1 via the C-terminal
BRCT domains of both proteins (Caldecott et al., 1994; Dulic
et al., 2001). We therefore tested the requirement for this interac-
tion in mediating the LIG3-dependent escape from a telomere-
driven crisis. We complemented the HCT116 LIG3/:mL3 cells
with nuclear-targeted LIG3 cDNAs encoding either a deletion
in the LIG3 BRCT domain or a S847A point mutation (Cuneo
et al., 2011), both of which are predicted to disrupt the interaction
of LIG3 with XRCC1. The expression of the DN-hTERT in these
cells, but not in empty vector controls, led to telomere erosion,
telomere fusion, and the induction of crisis (Figures 6A, 6B,
S2D and S2E). However, none of the clones containing the
LIG3 S847A mutation (n = 13) or the LIG3 DBRCT mutation
(n = 7) were able to escape crisis (Figures 2F–2H). These data
further confirm the requirement for LIG3 in the escape from aCeltelomere-driven crisis and demonstrate that the BRCT domain
is required for this process.
Cells that Cannot Escape Crisis Exhibit a Higher
Frequency of Interchromosomal Telomere Fusion
Events
We next considered whether there were specific features of
the telomere fusions ligated by LIG3 or LIG4 that conferred a
selective advantage or disadvantage, respectively, during the
escape from crisis. We conducted a comprehensive character-
ization of telomere fusion events in these strains at the molec-
ular level. By focusing our assays on single chromosome ends,
we observed intrachromosomal fusion events, consistent with
sister chromatid fusion, in both the LIG3/:mL3 and LIG4/
cells (Figure 7A). However the proportions of inter- versus intra-
chromosomal fusion events was significantly increased in the
LIG3/:mL3 cells (23%) compared to LIG4/ cells (2%; p =
0.0006, c2 test; Figures 7B and S6A). A similar analysis of a
fibroblast strain (MRC5) expressing HPVE6E7 that undergoes
crisis in culture (Capper et al., 2007) but does not escape crisis,
also showed a large skew in favor of interchromosomal fusions
(Figures 7A and 7B), and these cells also displayed lower levels
of LIG3 compared to HCT116 (Figure S6B). Together, these
data indicate that one feature of cells that cannot escape a
telomere-driven crisis is that they exhibit a greater proportionl Reports 8, 1063–1076, August 21, 2014 ª2014 The Authors 1069
Figure 6. A Functional LIG3 BRCTDomain Is
Required for the Escape from Crisis
(A) STELA of the 17p telomere is shown above. The
PD from the point of single cell cloning is shown
above, the mean and SD of the telomere length
profiles are shown below.
(B) Telomere fusion analysis at the PD points as
indicated.of interchromosomal fusion events compared to intrachromo-
somal events.
Telomere FusionDisplaysCharacteristics ofBothA- and
C-NHEJ
We next characterized the DNA sequences spanning telomere
fusion junctions in LIG3/:mL3, LIG4/, WT HCT116, and
MRC5HPVE6E7 cells (Figure 7C). Intrachromosomal fusion events
create palindromic sequences, which make identification of the
fusion site problematic and thus despite these events being
more numerous, we were only able to characterize six such
events. Therefore, our subsequent analysis was focused on
interchromosomal fusions, and because these were rare in
LIG4/ cells, we used both direct next generation sequencing
(Illumina) of telomere fusion products, as well as Sanger
sequencing, to obtain sufficient events for analysis. We
observed distinct distributions of the fusion events, with a bias1070 Cell Reports 8, 1063–1076, August 21, 2014 ª2014 The Authorstoward fusions containing telomere re-
peats on either side of the fusion point in
the LIG3/:mL3 cells compared to
LIG4/ cells, where fusion was biased
toward subtelomeric deletion (p <
0.0001, c2 test; Figure 7D). The WT
HCT116 and MRC5HPVE6E7 cells dis-
played an identical profile (p = 0.58, c2
test) that was intermediate between the
fusion profiles of the LIG3/:mL3 and
LIG4/ cells (LIG3/:mL3:WT, p < 0.05;
LIG4/:WT, p = 0.0002, c2 test; Fig-
ure 7D). There was a slight, but not sig-
nificant, increase in the extent of subte-
lomeric sequence deletion in LIG4/
compared to LIG3/:mL3 cells (Figure 7E),
indicating that, in contrast to nontelo-
meric loci (Lieber, 2008), both A- and C-
NHEJ processes are equally error prone
at telomeres.
We observed a decrease in the extent
of microhomology use at the fusion points
in LIG3/:mL3 cells (mean 1.6 nts) com-
pared to LIG4/ cells (mean 2.8 nts, p =
0.0001, t test; Figure 7F). Microhomology
use in the WT HCT116 cells (1.9 nts) was
intermediate between LIG3/:mL3 and
LIG4/ cells. The reduction in mean mi-
crohomology use in the LIG3/:mL3 cells
was also accompanied by a reduction in
the proportion of fusion events that didnot use microhomology at all: in LIG4/ cells, 4.6% displayed
no microhomology compared to 26% in LIG3/:mL3 cells (p <
0.0001, Fisher’s exact test; Figure 7F). The LIG3/:mL3 and
MRC5HPVE6E7 cells displayed a similar frequency of these events
(p = 0.64; Figure 7F).
Given the distinct profiles of telomere fusion observed, we
considered that there may be a bias toward the use of microho-
mology depending on the type of fusion event in which it
occurred. We therefore classified the microhomology data ob-
tained from MRC5E6E7 cells (for which we had the largest
data set) into the different fusion classes. In events that involved
the telomere, there was a clear reduction in overall microhomol-
ogy use, which was accompanied by an increase in events that
displayed no microhomology (p < 0.0001; Figure 7G). Taken
together, these data are consistent with both C- and A-NHEJ
operating to catalyze the fusion of short dysfunctional telomeres
in human cells and indicate a bias toward C-NHEJ catalyzing
fusions within the telomere repeat array and A-NHEJ favoring
fusion within the subtelomeric sequences.
DISCUSSION
Our data demonstrate a role for both C-NHEJ and A-NHEJ in
distinct processes that catalyze the fusion of short dysfunctional
telomeres. Whereas both C- and A-NHEJ can lead to inter- or in-
trachromosomal telomere fusion, interchromosomal events pre-
dominate with LIG4-dependent C-NHEJ; these events use less
microhomology and are biased toward fusionwithin the telomere
repeat regions. In contrast, LIG3-dependent A-NHEJ results in
interchromosomal events that use microhomology at the fusion
points, but are significantly less common relative to intrachromo-
somal events. Importantly, our data also show that the activity of
LIG3 is required for cells to escape a telomere-driven crisis by
clonal evolution.
C-NHEJ versus A-NHEJ at Short Dysfunctional
Telomeres
A key observation from our data is that, irrespective of the lack of
LIG3 or LIG4, short dysfunctional telomeres can readily be sub-
jected to fusion. This is in contrast to the situation following the
abrogation of TRF2 function at telomeres, where fusion is depen-
dent on C-NHEJ involving ATM, Ku, 53BP1, and LIG4 (Celli
et al., 2006; Rai et al., 2010; Smogorzewska et al., 2002). It is
therefore apparent that telomeres rendered dysfunctional by
replicative telomere erosion are processed differently; a situation
exemplified in the telomerase-deficient mice where fusion of
short telomeres was independent of DNA-PKcs, LIG4, and
53BP1 (Maser et al., 2007; Rai et al., 2010). Consistent with the
use of two different pathways in mediating the fusion of short
dysfunctional telomeres, our data revealed distinct profiles asso-
ciatedwith fusion in the absenceof LIG3or LIG4.Weobserved an
increase in microhomology at the fusion junctions in the absence
of LIG4 compared to LIG3, with WT cells displaying an approxi-
mately intermediate phenotype. We also observed changes in
the distribution of fusion events between those occurring within
the telomere repeat region or in the telomere-adjacent se-
quences. In the absence of LIG3, telomere fusion was biased to-
ward an increase in events occurring within the telomere repeat
array, whereas in the absence of LIG4, fusion was biased toward
deletion within the telomere-adjacent sequences. Again, WT
cells displayed an intermediate distribution. These data indicate
that LIG3-mediated fusion is subtly more mutagenic and results
in the resection of the telomere repeat array into the telomere
adjacent DNA. This is consistent with higher levels of resection
known to occur in the context of A-NHEJ compared to C-NHEJ
(Symington and Gautier, 2011). However, fusion was still de-
tected within the telomere-adjacent DNA in the absence of
LIG3, suggesting that LIG4-dependent C-NHEJ is intrinsically
more error prone at telomeric loci presumably resulting from
increased end-resection activity. These data are broadly consis-
tent with the processing of experimentally induced I-SceI breaks
at telomeric loci, which has also been shown to be more error
prone, indicating that telomeres are processed differently from
nontelomeric loci (Zschenker et al., 2009). Why the processing
of short-dysfunctional telomeres is more error prone, comparedCelto nontelomeric double-stranded breaks, is not clear. Our data,
however, indicate that this is not simply a consequence of the
preferential utilization of error-prone A-NHEJ, over the less er-
ror-prone C-NHEJ pathway.
One possible explanation may be related to the unique termi-
nal structure of a telomere. At the point at which fusion is de-
tected in human cells following replicative erosion, the telomeres
are extremely short, with a mean number of just six TTAGGG re-
peats adjacent to the fusion point (Capper et al., 2007; Letsolo
et al., 2010). Telomeres of this length are unlikely to be capable
of binding sufficient TRF1 or TRF2 homodimers to form a func-
tional shelterin complex and confer the end capping function
of telomeres (Capper et al., 2007). However, telomeres of this
size still display a 30 overhang at the terminus (Baird et al.,
2003), the mean length of which in human cells has been esti-
mated at 100-400 nts (Chai et al., 2006). The presence of a large
30-overhang, that is capable of forming G-quadruplex structures
(Gavathiotis et al., 2003), renders the structure of a short
dysfunctional telomere distinct from double-stranded DNA
breaks observed elsewhere in the genome, for example
following RAG cleavage or exposure to ionizing radiation (van
Gent et al., 2001). Consistent with this view, the length of a 30
overhang at nontelomeric double-stranded DSBs influences
both the rate of repair and the pathway utilized: with longer over-
hangs, that bind less Ku dimers, being repaired slower and repair
favored by Ku-independent A-NHEJ (Daley and Wilson, 2005;
Dynan and Yoo, 1998). We therefore speculate that the apparent
use of error-prone end-joining pathways, including A-NHEJ,may
be related to the unique structure of the 30 overhang of a short
dysfunctional telomere that is denuded of the primary compo-
nents of the shelterin complex. Whatever the underlying mecha-
nism, it is clear that both A- andC-NHEJ are utilized for the fusion
of short dysfunctional telomeres.
LIG3 Is Required for the Escape from a
Telomere-Driven Crisis
The cellular crisis induced by telomere erosion provides a highly
selective environment in which telomere fusion can, by itself,
only provide a temporary lifespan extension to the cell in which
it occurs. However, by initiating widespread genomic instability,
the appropriate genomic rearrangements that confer immortality
can be selected for. We observed that the ability of cells to
escape this selective environment depended on LIG3.
The inability of LIG3/:mL3 cells to escape a telomere-driven
crisis was completely rescued by complementation with WT
LIG3, whereas, LIG3 constructs with mutations within the
BRCT domain completely failed to rescue the phenotype. In
addition, half of the clones derived from LIG3+/ heterozygotes
escaped crisis and half failed to escape, indicating that the ability
of cells to escape from crisis induced by gradual telomere short-
ening, might be sensitive to the dosage of LIG3 expressed in a
cell. This view is also consistent with our data from the shRNA
knockdown of MCF7 cells and the MRC5HPVE6E7 cells both of
which display low levels of LIG3 and do not readily escape crisis.
These key observations, together with the ability of LIG4/ cells
to escape a telomere-driven crisis, strongly implicate the LIG3-
dependent A-NHEJ pathway in facilitating the escape from a
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Figure 7. Intrachromosomal Telomere Fusion Is Common in LIG3/:mL3 and LIG4/Cells but Interchromosomal Telomere Fusion Is Rare in
LIG4/ Cells
(A) XpYp:17p and 17p:17p fusion analysis (Capper et al., 2007). Fusion fragments are amplified with primer combinations as detailed above and detected with
probe as detailed on the right. Products in XpYp:17p reactions detected with both probes are consistent with interchromosomal events (examples arrowed in
red). Products in both the XpYp:17p and 17p reactions, detected only with the 17p probe, only are consistent with 17p sister chromatid fusion events (examples
arrowed in green).
(B) Horizontal stacked bar chart depicting the proportions of 17p sister chromatid fusion to XpYp:17p fusion events; also depicted as ratios on the right. Error bars
represent SE.
(C) Examples of XpYp and 17p fusion junction sequences. Homology at the fusion point is indicated as bold underlined. Deletion sizes of the participating
telomeres are taken from the beginning of the telomere repeat array.
(legend continued on next page)
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XRCC1 is a scaffold protein that interacts with numerous DNA
repair processes (Caldecott, 2003); this includes an interaction
with LIG3, via BRCT domains in both proteins (Caldecott et al.,
1994). This interaction controls the stability of LIG3 and because
XRCC1 contains a nuclear localization signal, but LIG3 does not,
it may be required for the translocation of LIG3 into the nucleus
(Masson et al., 1998).We demonstrated a requirement for a func-
tional LIG3 BRCT domain for the escape from crisis and thereby
implicated the interaction with XRCC1 in this process. Curiously,
however, XRCC1may not be required for A-NHEJ, or at least not
in the context of A-NHEJ-dependent class switch recombination
(Boboila et al., 2012); it therefore remains possible that additional
proteins may interact with, and stabilize, LIG3 via the BRCT
domain, thereby providing the activity required for the escape
from crisis.
Mechanism of Escape from Crisis
We observed changes in the relative proportions of intra- to inter-
chromosomal telomere fusionevents; in theabsenceofLIG4, telo-
mere fusion was biased toward intrachromosomal events (52:1),
but in the absence of LIG3 there was an increase in the proportion
of interchromosomal events (3:1; Figure7B). Thisobservationmay
appear to be in contrast to the apparent role of the A-NHEJ
pathway at nontelomeric double-stranded DNA breaks, where it
can catalyze the formation of translocations at specific break sites
in the absenceofC-NHEJ (Simseket al., 2011a).However it is also
apparent that in normal situations, when both C- and A-NHEJ are
functional, that the majority of translocations are in fact mediated
by C-NHEJ (Brunet et al., 2009; Bunting and Nussenzweig, 2013).
The role of C-NHEJ in catalyzing interchromosomal telomere fu-
sions is consistent with the roles of 53BP1 and LIG4-dependent
C-NHEJ in mediating long-range end-joining during class-switch
recombination (Difilippantonio et al., 2008) and telomere fusion
following abrogation of TRF2 activity (Dimitrova et al., 2008). Our
data imply that the operation of the A-NHEJ pathway on short
dysfunctional telomeres has a suppressive effect on the long-
rangeend-joining activity catalyzedby theC-NHEJpathway.Cells
that were capable of escaping crisis displayed lower levels of
interchromosomal, compared to intrachromosomal, telomere
fusion events. We therefore consider that the relative balance be-
tween these events dictates the ability of cells to escape crisis and
that this is, in turn, influenced by the relative activities of the A- and
C- NHEJ pathways operating at short dysfunctional telomeres
(Figure S6C). Consistent with this hypothesis, sister-chromatid
telomere fusion events predominate in experimental systems
that use the selection of marker genes integrated in telomere-
adjacent sequences to identify telomeric mutation events (Lo
et al., 2002; Murnane, 2012; Sabatier et al., 2005).
Sister chromatid telomere fusion events can, via breakage-
fusion-bridge cycles, drive the formation of inverted duplications(D) Histograms showing the distribution of telomere fusion events, in the various c
Del-Tel, subtelomeric deletion on one side and telomere repeats on the other sid
represent SE.
(E) Scatter plot depicting the extent of subtelomeric deletion at XpYp and 17p te
deletion represents telomeres that have fused within the telomere repeat array (m
(F) Scatter plots showing the extent of homology (nucleotides) at the fusion poin
(G) Scatter plots displaying homology at fusion breakpoints in MRC5E6E7 cells,
See also Figure S6.
Celand the localized amplification or deletion of the chromosome
arm of the fused telomere (Murnane, 2012). These types of
events are common in many tumor types, including mouse
models of telomere dysfunction (Artandi et al., 2000) and in hu-
man tumors (Campbell et al., 2010; Tanaka et al., 2005). The
escape from the telomere-driven crisis described here also
accompanied by genomic rearrangements that resulted in
copy number changes at the chromosomal termini: these are
consistent with sister chromatid telomere fusion events initiating
breakage-fusion-bridge cycles. Consistent with the possible key
role of A-NHEJmediating fusion and the escape from crisis, LIG3
is overexpressed in many tumor cell lines and is associated with
increased A-NHEJ activity (Chen et al., 2008; Sallmyr et al., 2008;
Tobin et al., 2012). We propose that sister chromatid fusions,
as opposed to interchromosomal fusions, can create localized
copy number changes at specific chromosome ends, creating
the appropriate genetic alterations that initiate clonal evolution
and the escape from crisis.
The differences in the proportions of inter- compared to intra-
chromosomal fusion are striking and significant; therefore, we
consider that the relative mutational impact of these processes
may account for the differences in the ability of these cells to
escape crisis. However, alternative explanations for our obser-
vations could be envisaged; for example, because the LIG3/
XRCC1 complex plays a role in the short-patch base excision
repair pathway (Ellenberger and Tomkinson, 2008), a deficiency
in LIG3 together with telomere dysfunction may have an additive
effect, rendering the cells more sensitive to telomere dysfunc-
tion. However, these cells, as well as LIG3 mouse KO cells (Oh
et al., 2014; Simsek et al., 2011b), are not sensitive to the alkylat-
ing agent methyl methanesulphonate, indicating no overt BER
defect. Alternatively, LIG3 may, via an unspecified mechanism,
control gene amplification and deletion and thus LIG3-deficient
cells may be unable to amplify the hTERT locus or delete the in-
serted DN-hTERT. Ultimately, further experimentation, including
a full characterization of the mutation events that facilitate the
escape crisis, is required to define the exact mechanism.
In conclusion, our data show that the activity of LIG3, depen-
dent on a functional BRCT domain, confers a selective advan-
tage to cells undergoing a telomere-driven crisis that facilitates
clonal evolution and the escape from crisis, which is a key stage
during the progression of many tumor types. Therefore, the A-
NHEJ pathway may represent a promising target for therapeutic
intervention in the early stages of tumorigenesis.EXPERIMENTAL PROCEDURES
Cell Culture and Analysis
HCT116 knockout cells and derivative complemented versions were gener-
ated using recombinant adeno-associated virus-mediated gene targetingell strains analyzed. Tel-Tel, telomere repeats on each side of the fusion event;
e; Del-Del, subtelomeric deletion on both sides of the fusion event. Error bars
lomeres; deletion is taken from the start of the telomere repeat array. The 0 bp
ean ± 95% CI).
t (mean ± 95% CI).
by fusion type (mean ± 95% CI).
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as described (Oh et al., 2013, 2014). LIG3 was knocked down in MCF7 cells
using a pSUPER shRNA derivative (Oligoengine) containing the LIG3 specific
19-mer GGATGTGAAGGGTACATAT (provided by Professor K. Caldecott,
University of Sussex). To initiate telomere erosion, cells were transduced
with amphotropic retroviral vectors containing a DN-hTERT cDNA (Hahn
et al., 1999) as described (Preto et al., 2004). Apoptosis was assessed by
Annexin V staining with the Annexin V-FITC Apoptosis Detection Kit (eBio-
science) and cell cycle analysis using propidium iodide, both of which
were quantified with an AccuriC6 flow cytometer (Becton Dickson). Cell im-
ages were taken at 403 magnification with phase contrast microscopy using
a Zeiss Axiovert S100 TV.
STELA, Telomere Fusion Assay, and TRAP
For telomere length analysis, we used the STELA protocol (Capper et al.,
2007). Telomere fusions were analyzed with single-molecule PCR using either
the two-telomere protocol (Capper et al., 2007) or multiple-telomere protocol
(Letsolo et al., 2010) as indicated. Telomere fusions were characterized
following reamplification and Sanger sequencing as described (Capper
et al., 2007) or directly using Next Generation Sequencing technology carried
out using the HiSeq 2000 platform (Illumina) by the Beijing Genome Institute.
Telomerase activity was detected using the TRAPeze XL Telomerase detec-
tion kit (Chemicon International).
Next Generation Sequencing Bioinformatics
Illumina HiSeq paired-end (23 90 bp) fastq data sets were trimmed and filtered
with Trimmomatic (version 0.30; Lohse et al., 2012) to remove primers and low
quality bases and reads. Resulting reads were then mapped to a bespoke
reference constructed from telomeric regions 17p and XpYp using the MEM
algorithm of BWA (version 0.7.4; Heng, 2013) with -M flag deployed to mark
secondary mappings, which were then removed using SAMtools (version
0.1.19; Li et al., 2009) using the view -F 256 command. MergeSamFiles.jar,
part of Picard toolkit and API (version 1.102; http://picard.sourceforge.net),
was then used to merge the resultant SAM files, and sorted, indexed BAMs
were created from these using SAMtools.
Having mapped the data, an in-house Java script, based on the Picard API,
was deployed to filter for paired-end reads that straddled the 17p and XpYp
telomeric regions and thus likely to describe interchromosomal fusion events.
SAMtools view -F48was then used to filter for only those paired-end reads that
mapped with the correct orientation with respect to the telomeric reference
used. Sequence tags that straddled fusion events were identified by using a
combination of SAMtools and command-line perl to filter for any mapped
tag, in a fusion event straddling pair, that had been heavily (R10 bp) soft-
trimmed at the 30 end (which would be how the BWA mapper would have to
respond to such tags within our data sets). Sequences so identified were
then de novo assembled with Velvet (version 1.2.09; Zerbino and Birney,
2008). Resultant contigs and unassembled reads, were blastn mapped
(parameter settings -G 2 -E 1 -F F -m 8; Altschul et al., 1990) to our bespoke
reference to obtain positional information that was summarized in a
spreadsheet.
Array-CGH Analysis
Array CGH was carried out as a service by NimbleGen using the 123135 k
array (HG18 WG CGH v3.1; Roche NimbleGen); copy number gains and los-
ses were identified using the segMNT algorithm included in NimbleScan
software.
Statistical Analyses
All statistical analyses were performed using GraphPad Prism 6 and
all statistical tests were two-sided. The Student’s t test and Chi-square
test were used; a p value of less than 0.05 was considered statistically
significant.
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